Introduction
Mammalian cells have versatile adaptive mechanisms to survive in oxygen-deficient (hypoxic) conditions [1] . These adaptations require the expression of numerous genes that are commonly regulated by the HIF (hypoxia-inducible factor) transcription factors HIF-α and HIF-β (alternatively named ARNT) [2] . Of the HIF-α isoforms, HIF-1α and HIF-2α play distinct roles in determining cell fate by regulating gene expression in different ways. ARNT is a common partner for HIF-1/2α and functions to help HIF-α bind to DNA [3] . HIFmediated adaptation to hypoxia is essential for organisms to cope with accidental hypoxia. However, HIF can be a lifethreatening factor in cancer patients because cancers also adopt HIF to survive under hypoxia and to expand their territories beyond their original sites. For this reason, HIF is considered an emerging target for cancer therapy [4] . Disulfiram, an aldehyde dehydrogenase inhibitor, was approved by the US FDA in 1951 as a therapy for alcoholism. It induces the accumulation of acetaldehyde produced from ingested alcohol, resulting in unendurable hangover symptoms, the so-called "disulfiram-ethanol reaction" [5] . Disulfiram is a symmetric compound with a S=C-S-S-C=S functional group ( Figure 1A ), which disables aldehyde dehydrogenase by forming a disulfide bond with the enzyme. Interestingly, this moiety also gives disulfiram the ability to bind to various organic or inorganic molecules [6] [7] [8] . Given its thiol-reactive binding properties, disulfiram is thought to interact with various types of proteins. If tumor-promoting proteins are targeted by disulfiram, then disulfiram might have anticancer activities. Indeed, an article entitled "Disulfiram and tumor www.chinaphar.com Park HJ et al Acta Pharmacologica Sinica npg inhibition" was first recorded on PubMed in 1966 [9] , and many reports regarding the anticancer effect of disulfiram have been published since then. The anticancer properties of disulfiram have been shown to affect carcinogenic activation [10] , Cu/Zn-SOD [11] , NF-κB [12] , matrix metalloproteinases [13] , phosphoinositide 3-kinase [14] , P-glycoprotein [15] , proteasomal enzymes [16] , and DNA methyltransferases [17] . However, the detailed molecular mechanism underlying its anticancer action remains unclear.
According to the previous literature, disulfiram appears to inhibit tumor growth via multiple pathways. Nonetheless, few studies have investigated the effect of disulfiram on HIF-mediated tumor progression. In the present study, we addressed this research point and found that disulfiram inhibits the hypoxic response in hepatoma cells by deregulating the HIF signaling pathway. To the best of our knowledge, this is the report suggesting the development of disulfiram as an agent for treating HIF-related diseases including malignant tumors.
Materials and methods

Reagents
Disulfiram and other chemicals were purchased from SigmaAldrich Corp (St Louis, MO, USA), and [α-
32 P]CTP was from NEN Life Science (Boston, MA, USA). Culture media and fetal calf serum (FBS) were purchased from GIBCO/BRL (Grand Island, NY, USA). Anti-HIF-1α antiserum was kindly provided by Dr Jong-wan PARK (Seoul National University, Korea), and anti-HIF-2α was obtained from Novus Biologicals (Littleton, CO, USA). Other primary and HRP-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Cell lines and culture Hep3B, Huh7, and HepG2 hepatoma cells were cultured in α-modified Eagle's medium or in Dulbecco's modified Eagle's medium, which was supplemented with 10% heat-inactivated FBS, 100 units/mL penicillin, and 100 µg/mL streptomycin. All cells were grown in a humidified 5% CO 2 atmosphere at 37 °C in an incubator, in which oxygen tension was held at either 140 mmHg (20% O 2 , v/v, normoxic conditions) or 7 mmHg (1% O 2 , v/v, hypoxic conditions). Cells were treated with disulfiram for one hour before hypoxic incubation.
Plasmids and transfection
The plasmid containing HIF-2α was a kind gift from Dr Jongwan PARK (Seoul National University, Korea). The fulllength cDNA of HIF-2α was inserted into the pcDNA vector. For transient protein expression, cells at approximately 40% confluence were transfected with the plasmid using Lipofectamine (Invitrogen, Carlsbad, CA, USA). Cells were allowed to stabilize for 48 h before being assayed.
Cell viability assays
To determine where there was any acute toxicity associated with disulfiram, Hep3B cells were treated with disulfiram for 16 h and then incubated with an MTT labeling reagent (SigmaAldrich, St Louis, MI, USA) in a CO 2 chamber for 3 h. Blue formazan crystals were solubilized with acidified isopropanol, and formazan levels were determined at 570 nm. To identify any long-term effects of disulfiram on cell survival, we counted viable cells using a trypan blue exclusion assay. After treatment with disulfiram for 48 h, Hep3B cells were detached in a trypsin-EDTA solution, and the cell suspension was mixed with 0.4% trypan blue solution (1:1, v:v) . Unstained, viable cells were counted on a hemocytometer.
Reporter assay
Luciferase reporter genes containing the hypoxia response element (HRE) of the EPO gene were generously donated by Dr Eric HUANG (University of Utah, USA). Hep3B cells were co-transfected with 0.5 μg of the reporter plasmid and cytomegalovirus-β-gal plasmids using the calcium phosphate method. pcDNA was added to ensure that the final DNA concentrations in the control and experimental groups were at similar levels. After stabilization for 48 h, cells were incubated under normoxic or hypoxic conditions for 16 h. Cells were then lysed to determine luciferase and β-gal activities. Luciferase activities were analyzed using a Lumat LB9507 luminometer (Berthold Technologies, Bad Wildbad, Germany), and β-gal assays were performed to normalize transfection efficiencies.
Semi-quantitative RT-PCR analysis
To quantify mRNA levels, highly sensitive RT-PCR was performed [18] . RNA was isolated with TRIzol Reagent (Invitrogen) and quantified by measuring the absorbance at 260 nm. One microgram of RNA was used for reverse transcription using the Superscript One-Step kit (Invitrogen), and the cDNA was amplified over 25 PCR cycles with [α-
32 P]dCTP. Five microliters of the PCR products was electrophoresed on a 4% polyacrylamide gel at 100 V in TAE buffer, and the dried gels were autoradiographed. The sequences of primers are summarized in Table 1 .
Immunoblotting Total proteins were separated on an 8% SDS/polyacrylamide gel and transferred to Immobilon-P membranes (Millipore; Bedford, MA, USA). Membranes were then blocked with 5% nonfat milk at room temperature for 1 h and incubated overnight at 4 °C with primary antibodies (1:5000). Horseradish peroxidase-conjugated anti-rabbit antiserum was used as a secondary antibody (1:5000), and antigen-antibody complexes were visualized using an Enhanced Chemiluminescence Plus kit (Amersham Biosciences, Piscataway, NJ, USA). To quantify protein levels, the protein bands were scanned, and their intensities and areas were analyzed using ImageJ (NIH, USA). Each protein level was estimated by multiplying its intensity and area, and the results (the mean of three experiments) are presented as the relative (%) values to the hypoxic, untreated group (100%). C in a 5% CO 2 atmosphere. The plate was examined under a light microscope, and phase contrast images were captured using a digital camera. Vessel length and tube area were calculated using ImageJ.
Cell cycle analysis
Hep3B cells were cultured at ~40% confluence and incubated under normoxia or hypoxia with vehicle or disulfiram for 48 h. Cells were harvested and fixed in 75% ethanol for 30 min on ice. After washing with PBS, cells were labeled with propidium iodide (0.05 mg/mL) in the presence of RNase A (0.5 mg/mL) and incubated at room temperature in the dark for 30 min. DNA contents were analyzed using a flow cytometer. Propidium iodide incorporated into DNA was excited at 488 nm and detected at 650 nm.
Statistical analysis
All data were analyzed using Microsoft Excel 2007, and the results are expressed as the mean±SD. The two-sided MannWhitney U test was used to compare luciferase activities, cell numbers, VEGF concentrations, and angiogenesis parameters. Differences were considered significant when P values were less than 0.05.
Results
Effects of disulfiram on HIF-1α and HIF-2α expression
To evaluate changes in gene expression in response to hypoxia, a 16-h incubation is usually performed. Therefore, we examined whether disulfiram was toxic to Hep3B cells under such conditions. Disulfiram showed no substantial toxicity at concentrations lower than 2 μmol/L ( Figure 1B ), and thus, we treated Hep3B cells with <2 μmol/L of disulfiram during the next experiments. We first checked whether disulfiram affected the expression of the HIF-1α or HIF-2α proteins. Interestingly, disulfiram reduced HIF-2α expression in a dosedependent manner, whereas it marginally increased HIF-1α in Hep3B cells ( Figure 1C ). Likewise, disulfiram also noticeably downregulated HIF-2α in Huh7 and HepG2 hepatoma cells ( Figure 1D ). Unexpectedly, HIF-1α was reduced by 2 μmol/L disulfiram in Huh7 and HepG2 cells, suggesting that HIF-1α regulation by disulfiram is variable among hepatoma cell lines. To measure the normoxic levels of HIF-1α and HIF-2α, we exposed immunoblots to X-ray films for a longer period of time (10 min). Even under normoxia, HIF-2α was faintly detected, and its level was also reduced by disulfiram ( Figure  1E ). In contrast, HIF-1α protein could not be detected in normoxic cells by Western blotting. Taken together, disulfiram showed a consistent suppression of HIF-2α in hepatoma cells.
Functional repression of HIF by disulfiram
HIF-1α and HIF-2α dimerize with ARNT to form the transcriptional complexes HIF-1 and HIF-2, respectively. HIF-1 and HIF-2 are present in hypoxic hepatoma cells, and both contribute to the expression of hypoxia-induced genes. As HIF-1α and HIF-2α were differentially regulated by disulfiram, it was unexpected how the net activity of HIF is affected by disulfiram. To address this question, we used a luciferase reporter system that is activated by both HIFs. When Hep3B cells were exposed to hypoxia for 16 h, the reporter activity was markedly stimulated, and hypoxic activation was significantly attenuated by disulfiram at concentrations over 0.3 μmol/L (Figure 2A ). This result strongly indicates that HIF activity was repressed overall by disulfiram. To evaluate HIF-mediated changes in gene expression, we analyzed the mRNA of representative HIF downstream genes using highly sensitive RT-PCR. We found that erythropoietin (EPO), carbonic anhydrase 9 (CA9), vascular endothelial growth factor A (VEGF-A), and pyruvate dehydrogenase kinase 1 (PDK1) mRNAs increased in response to hypoxia, and all of these genes were downregulated by disulfiram in a dose-dependent manner ( Figure 2B ). Densitometry analyses showed that all HIF downstream mRNAs were substantially reduced by disulfiram. The induction of EPO and CA9 mRNA by hypoxia was especially sensitive to disulfiram attenuation ( Figure 2C ). We next examined whether disulfiram repressed the expression of these genes in Huh7 and HepG2 cells. As expected, the levels of EPO and CA9 mRNA were also highly induced in these cells during hypoxia, and these hypoxic inductions were attenuated by disulfiram ( Figure 2D ). These results strongly indicate that disulfiram effectively repressed the HIF signaling pathway in hepatoma cells. Role of HIF-2α in hypoxic gene expression At the beginning of this study, we paradoxically found that HIF-1α and HIF-2α were differentially regulated by disulfiram. However, the subsequent studies suggested that HIF-2α, rather than HIF-1α, affects the hypoxic signaling pathway in response to disulfiram. To support this hypothesis, we analyzed the relationship between HIF-2α levels and hypoxic gene levels ( Figure 2E ). The expression of CA9, VEGF-A, and PDK1 highly correlated with HIF-2α expression. Although EPO expression increased with HIF-2α expression, their correlation coefficient was lower than those of other genes with HIF-2α. In addition to being regulated by HIF-2α, the EPO gene may also be regulated by other factor(s) whose activity is affected by disulfiram. To understand the involvement of HIF-2α in disulfiram-induced repression of hypoxia-induced genes, we overexpressed HIF-2α in Hep3B cells and then examined the expression of EPO and CA9 in the presence of disulfiram. Despite HIF-2α overexpression, the mRNA levels of EPO and CA9 under hypoxia were not significantly enhanced, which suggests that endogenous HIF-2α expressed under hypoxia was sufficient for gene expression. Interestingly, HIF-2α overexpression substantially rescued the EPO and CA9 expression repressed by disulfiram ( Figure 2F ). These results support our hypothesis that disulfiram blunts the induction of hypoxia genes by suppressing HIF-2α.
Effect of disulfiram on cell survival under hypoxia
Because disulfiram deregulated the HIF-2 signaling pathway, we next addressed the effects of disulfiram on cell survival and angiogenesis under hypoxia. When Hep3B cells were treated with disulfiram for 48 h, viable cells were reduced under normoxia in a dose-dependent manner. Moreover, disulfiram even more effectively reduced cell viability under hypoxia ( Figure 3A) . We then examined whether disulfiram affected the cell cycle and found that the populations of cells in each phase of the cell cycle were not changed by disulfiram under either normoxic or hypoxic conditions ( Figure 3B and 3C) . Disulfiram appeared to inhibit cell survival under hypoxia irrespective of the cell cycle phase. Therefore, is HIF-2α suppression responsible for hypoxic cell death by disulfiram? To answer this question, we determined the effect of disulfiram on Hep3B cells overexpressing HIF-2α. As ectopic protein lev- Figure 3D) . However, the effect of HIF-2α overexpression was not sufficient to support the idea that disulfiram inhibits cell survival during hypoxia by suppressing HIF-2α. Given that the efficiency of transfection was approximately 30% in Hep3B cells, the effect of HIF-2α overexpression may be underestimated due to limited transfection efficiency in our experimental setting.
Disulfiram actions against VEGF production and angiogenesis
Because VEGF is the prime factor that induces tumor angiogenesis, we analyzed the levels of VEGF secreted from cancer cells. Hep3B cells produced VEGF at a basal level under normoxia, and VEGF production was augmented under hypoxia. In the present study, disulfiram effectively reduced VEGF production in both normoxic and hypoxic conditions ( Figure 4A ).
To further analyze the anti-angiogenic effects of disulfiram, we performed in vitro angiogenic assays using HUVECs. When treated with conditioned media from Hep3B cells, endothelial cells connected with each other to form a web-like structure. Figure  4B ). Image analysis showed that vessel length and tube area were both significantly reduced in endothelial cells incubated in the disulfiram-conditioned media ( Figure 4C and 4D) . The anti-angiogenic action of disulfiram may be attributed to the reduction in VEGF caused by disulfiram.
Discussion
Disulfiram was originally developed to help alcoholics cease drinking alcohol. However, new indications for this drug have been suggested. For example, disulfiram has been used to treat cocaine addiction [19] , metal-induced contact dermatitis [20] , uveitis [21] , and malignant tumors [9] [10] [11] [12] [13] [14] [15] [16] [17] . In the present study, we found that disulfiram blunted tumor adaptation to hypoxia by deregulating the HIF-2 signaling pathway. This pharmacological action of disulfiram may at least in part underlie its anticancer effect.
It was previously believed that HIF-1α and HIF-2α promote tumor progression similarly because they appear to have similar structural and biochemical properties. However, growing evidence suggests that HIF-1α and HIF-2α differentially contribute to tumor promotion. For example, the expression of HIF-1α and HIF-2α was different in various cancer cells [22] . Moreover, when HIF-1α or HIF-2α was overexpressed or silenced, different and sometimes opposite phenotypes were induced in various types of cancer cells [23] [24] [25] . To date, it is believed that cancer cells are addicted to one or both of the HIF-α proteins during transformation or growth. Therefore, the selective inhibition of HIF-1α or HIF-2α could be a better anticancer strategy than general HIF inhibition. Here, we found that HIF-2α is more effectively inhibited by disulfiram than HIF-1α in hepatoma cells. Accordingly, disulfiram could be used as an anticancer agent to selectively inhibit HIF-2α-addicted tumors.
With respect to cell survival, HIF-1α and HIF-2α exhibit opposite behavior. HIF-1α transactivates pro-apoptotic genes including BNIP3, but HIF-2α does not. In addition, HIF-1α induces cell cycle arrest under hypoxic conditions, whereas HIF-2α facilitates cell proliferation [26] . Mechanistically, HIF-1α [27, 28] . HIF-2α also interacts with c-Myc/MAX and β-catenin/TCF dimers but functionally boosts the transcriptional activities of these mitogenic factors [29, 30] . Therefore, the selective inhibition of HIF-2α, rather than HIF-1α, may be more effective at inhibiting tumor growth because it targets hypoxic signaling and cell proliferation simultaneously. Following this concept, disulfiram may not only blunt tumor adaptation to hypoxia but also inhibit cell growth. This type of dual action of disulfiram was demonstrated in this study.
Previous studies on HIF-1α and HIF-2α regulation indicated that they share the same regulatory mechanism, PHDmediated prolyl hydroxylation, pVHL-mediated ubiquitination, and 26S proteasome-mediated proteolysis [31] . Therefore, it was surprising that HIF-1α and HIF-2α were differentially regulated by disulfiram. Some mechanism(s) other than the aforementioned process may be involved in the action of disulfiram. In fact, the stability of HIF-1α is known to be regulated by many proteins able to bind HIF-1α, whereas few studies have been performed to identify HIF-2α-interacting proteins [32] . Therefore, it will be difficult to identify a disulfiram-responsive, HIF-2α-interacting protein. Currently, we can only speculate that HIF-2α-interacting proteins contain thiol-reactive domains, and thus, their binding properties are altered by disulfiram.
In the present study, we analyzed endothelial tube formation to examine the anti-angiogenic effect of disulfiram. This method is a type of bioassay that determines the amount of angiogenic molecules released into conditioned medium. Because VEGF is the major angiogenic factor released from cancer cells, tube formation is thought to be dependent on the level of VEGF in the conditioned medium. We demonstrated that disulfiram inhibited VEGF production in Hep3B cells and also that the conditioned media from disulfiram-pretreated cells failed to induce tube formation. Therefore, we propose that VEGF suppression by disulfiram results in impaired tube formation. However, we cannot rule out the possibility that disulfiram remaining in the conditioned media directly affected endothelial cells. The precise anti-angiogenic mechanism of disulfiram remains to be investigated.
In hypoxic cancer cells, HIF-α isoforms are regarded as the major transcription factors that drive the expression of VEGF. Because disulfiram deregulates HIF-2α expression during hypoxia, it was expected that disulfiram would block the hypoxic induction of VEGF. Indeed, we demonstrated that disulfiram reduced the level of VEGF mRNA in hypoxic Hep3B cells. In addition, disulfiram was found to reduce the secretion of VEGF protein from hypoxic Hep3B cells, which agrees with the above finding. However, it was surprising that disulfiram reduced the normoxic level of VEGF because HIF-α proteins were barely detected in Hep3B cells under normoxic conditions. To understand this unexpected finding, we re-measured the normoxic levels of the HIF-α proteins by enhancing their signals on Western blots. Of the HIF-α proteins, HIF-2α alone was detected, even under normoxia, and it was also suppressed by disulfiram. Indeed, many reports have demonstrated that HIF-2α, and not HIF-1α, was expressed and activated at near-physiological oxygen tensions [23] . In particular, HIF-2α is normoxically expressed in brain tumor cells, and it thus induces the pseudo-hypoxic phenotype in tumor behavior and angiogenesis [33] . Therefore, it is plausible that a low level of HIF-2α maintains the basal expression of VEGF during normoxia. Therefore, disulfiram may reduce VEGF production in normoxic cells. Otherwise, disulfiram would inhibit other factors responsible for normoxic VEGF expression. VEGF expression is known to be regulated through multiple pathways. The VEGF promoter is targeted by other transcription factors, such as STAT3, NF-κB, AP-1/2, SP-1, Smads, estrogens, and prolactin, all of which can be activated under normoxia [34] . Which factor(s) is deregulated by disulfiram remains to be determined.
Disulfiram is not toxic if it is not taken with alcohol. The recommended dose of disulfiram ranges from 125 mg to 500 mg daily, and the therapy is usually continued for months to years, depending on the patient's efforts to avoid drinking alcohol. Given that this drug has been used clinically for six decades, disulfiram may be a very safe drug. Therefore, if new usages of disulfiram are experimentally identified, disulfiram may be easily tested for new indications. However, before new clinical applications of disulfiram are implemented, it should be determined whether the effective doses of disulfiram are below its maximum permissible dose. In the present study, disulfiram was found to inhibit the expression of HIF-2α and hypoxic genes at a concentration of 0.3-2.0 μmol/L. Pharmacokinetic studies demonstrated that the disulfiram level in the plasma of patients is maintained over 0.5 μmol/L for 24 h after a single, oral administration of 250-mg disulfiram and that its peak level reaches 1.3 μmol/L at approximately 9 h after treatment [35] . Because the plasma levels of disulfiram are within the drug concentration range where its anti-HIF-2 effect was observed, we expect that the clinical application of disulfiram as a HIF-2-targeting anticancer drug will be realized in the future. However, more studies should be performed to better clarify the anti-HIF-2 action of disulfiram before its clinical application.
